Background: Mitoxantrone (MXT) is a drug for cancer therapy and a hazardous pharmaceutical to the environment which must be removed from contaminated waste streams. In this work, the removal of MXT by the electro-Fenton process over heterogeneous and homogenous catalysts is reported. Methods: The effects of the operational conditions (reaction medium pH, catalyst concentration and utilized current intensity) were studied. The applied electrodes were carbon cloth (CC) without any processing (homogenous process), graphene oxide (GO) coated carbon cloth (GO/CC) (homogenous process) and Fe3O4@GO nanocomposite coated carbon cloth (Fe3O4@GO/CC) (heterogeneous process). The characteristic properties of the electrodes were determined by atomic force microscopy (AFM), field emission scanning electron microscopy (FE-SEM) and cathode polarization. MXT concentrations were determined by using ultraviolet-visible (UV-Vis) spectrophotometer. Results: In a homogenous reaction, the high concentration of Fe catalyst (>0.2 mM) decreased the MXT degradation rate. The results showed that the Fe3O4@GO/CC electrode included the most contact surface. The optimum operational conditions were pH 3.0 and current intensity of 450 mA which resulted in the highest removal efficiency (96.9%) over Fe3O4@GO/CC electrode in the heterogeneous process compared with the other two electrodes in a homogenous process. The kinetics of the MXT degradation was obtained as a pseudo-first order reaction.
Introduction
Nowadays, the importance of water pollution is highly critical to people, scientists and governments. The occurrence of global warming, melting glaciers, evaporation of surface waters and increased water consumption by humans can be attributed to this problem (1) . Industries are a huge source of wastewater production while hazardous wastewater results in health risks for humans and pollution issues for the environment (2) . The pharmaceutical industry is among industries which produce wastewater including pharmaceuticals as hazardous waste. The lack of required technology or high costs of wastewater treatments and also the low removal efficiency of waste water treatment plants (WWTPs) on pharmaceuticals compounds (3) (4) (5) lead to the discharge of these wastewaters into the environment (6) . Hence, it is necessary to study the new low cost methods for wastewater treatment. To avoid the dangerous accumulation of organic materials in the environment, it is necessary to develop effective methods for the degradation of such organic pollutants (7) . The current treatment methods for the wastewater of pharmaceutical industries are: (i) chemical precipitation which requires a large amount of chemicals and has other drawbacks such as sludge production, aggregation of precipitates and issues of sludge disposal (8) , (ii) evaporation which requires high initial investment and large land requirements (9) , (iii) solvent extraction while most of the solvents are not selective enough, (iv) ion exchange which has concentration limits and resin bed fouling problems, and (v) reverse osmosis and membrane separation which generally are not selective enough and have fouling as well as short membrane life time problems (7) . So far, various treatment methods such as ozonation and filtration with granular activated carbon (GAC) (8) have been investigated for the efficient removal of pharmaceuticals from water. Also, advanced oxidation processes (AOPs) which basically includes the in situ generation of hydroxyl radicals (OH • ) have shown a promising potential (10) . AOPs include ozonation, catalytic ozonation, ultrasonication, Fenton and Fenton like reactions as well as hybrid methods which include less disadvantages, less investment and relatively low maintenance costs compared with the conventional methods of wastewater purification (10) . The electroFenton process is one of the frequently investigated AOP methods and it is a catalytic process. The electroFenton process can be carried out both homogenously and heterogeneously. Heterogeneous processes have the advantage of a reusable catalyst. The catalyst includes Fe species over support which can be the electrode itself or introduced in the reaction medium as solid particles (11) (12) (13) (14) (15) 
The hydroxyl radicals formed are strong oxidants and attack organic pollutants (MXT) and it causes degradation of pollutants (Eq. 5).
MXT + OH
• → degradation of the MXT (5) The heterogeneous electro-Fenton process mechanism is similar to the above mechanism and is conducted on an electrode surface. Shen et al and Zhao et al have extensively determined the mechanism of the heterogeneous electroFenton process conducted with a composite cathode (17, 18) . It has been reported that the cathode materials directly influence the electro-Fenton process through H 2 O 2 production. The efficiency of materials such as graphite felt, carbon nanotube, active carbon, stainless steel, platinum, titanium and boron doped diamond were investigated in the electro-Fenton process (19, 20) . The spectacular magnetic properties in the form of permanent magnetization and Fe content in both divalent and trivalent states (21, 22) (17, 23, 24) . The properties of graphene oxide (GO) are easy functionalization, electrical insulator, the large specific surface area and easy dispersion in water and other organic solvents owing to the presence of oxygen functionalities (25) . Several studies have reported the use of graphene for anchoring Fe 3 O 4 to degrade the organic pollutants by the Fenton-like reaction (26, 27) . Fe 3 O 4 @GO nanocomposite has many favored properties such as considerably high saturation magnetization, interesting electronic transport properties, low toxicity, bio-compatibility, availability of hydroxyl, epoxy and carbocyclic acid groups. Therefore, it would be a very excellent platform for the generation of a new type of composites as electrode in the electro-Fenton like processes (26, 28) . Mitoxantrone (MXT) is a synthetic antineoplastic drug structurally analogous to anthracyclines such as doxorubicin (DOX). MXT has been used in the treatment of various cancers including leukemia, non-Hodgkin lymphoma and breast cancer (29) . To the best of our knowledge, there is no report related to the degradation of MXT by the electro-Fenton process. Therefore, the main aim of this study was to develop a cathode using Fe 3 O 4 nanoparticles and GO properties with the higher surface area which promotes H 2 O 2 production rate and the ability of the electro-Fenton reaction to remove MXT. Furthermore, the effect of different operational conditions such as pH, catalyst concentration and applied current intensity were investigated.
Materials and Methods
Materials MXT (Sigma Aldrich, R&D grade) was chosen as the model compound and utilized without further purification. Analytical grade n-butanol, graphite, DiMethyl Formamide (DMF), FeSO 4 and Na 2 SO 4 were obtained from Merck. Carbon cloth (CC) was purchased from Pars Hydro Pasargad, Iran. All experiments were carried out in deionized water. An aqueous solution of MXT is blue and absorbs visible light at a wavelength of 630 nm (30) . Hence, by determining its absorbance through the use of ultra violet-visible (UV-Vis) technique, it would be possible to determine its concentration in water using a calibration curve. Table 1 shows the MXT properties.
Characterization Characteristic properties such as summits density, surface morphology and removal efficiency in both heterogeneous and homogeneous processes were determined by AFM (Nanosurf mobile S, Switzerland) and FE-SEM (Tescan Mira3 field emission device, Czech). The concentration of the mentioned drug in the sample after the treatment process was determined by using UV-Vis spectrophotometer (UV 1700 Shimadzu UVVis spectrophotometer, Japan). The solution pH was measured with a Metrohm 654 pH-meter, Switzerland. Current intensity-potential curves were plotted by cyclic voltammetry using a conventional three-electrode cell in conjunction with a computer controlled multichannel potentiostat (PG-Stat 30, the Netherland) with a scan rate equal to 10 mVs
Synthesis of graphene oxide 0.3 g of graphite and 0.01 mg of sodium nitrate were added to 50 mL of sulfuric acid at room temperature (25°C) and agitated for 10 minutes. The solution was placed in an ice-water bath at 4°C. KMnO 4 (6 g) was slowly added to the solution and agitated for 30 minutes. The mixture was placed in an oil bath at 35°C and agitated for 3 hours until the color of the solution turned into brown. Once again, the solution was placed in an ice-water bath at 4°C and an appropriate amount of water was added. The solution temperature was raised to 80°C. After reaction for 15 minutes, the temperature was controlled till it reached 40°C. After 30 minutes, a certain amount of water was added to the mixture and hydrogen peroxide was dropwisely added to the resulted solution until the solution became yellowish. At the final step, the mixture was filtered, washed by deionized water and dried in oven at 80°C (27) .
Synthesis of Fe 3 O 4 nanoparticles
Tris (acetylacetonato) iron (III) (Fe(acac) 3 , 1.06 g) was dissolved in a mixture of oleylamine (15 mL) and benzyl ether (15 mL) in a four-necked round bottom glass reactor under continuous stirring. The mixture was heated to 120°C and kept at this temperature for 1 hour to remove the humidity under a flow of nitrogen gas. There was continuous stirring during all steps of the reaction. Then, the temperature of the mixture was rapidly increased to 300°C and the reaction was continued for 1 hour at this temperature. Finally, the mixture was separated into two centrifuge tubes including 40 mL of ethanol and centrifuged at 8500 rpm for 12 minutes. After the purification of Fe 3 O 4 nanoparticles, the nanoparticles were dispersed in hexane and saved for further use (28 /GO, deionized water (60 mL) and n-butanol (3%)were mixed in an ultrasonic bath (Grant, England) for 10 minutes to form a highly dispersed mixture. The resulting mixture was heated at 80°C until it resembled an ointment in appearance. The ointment was bonded to a CC and sintered at 350°C for 30 minutes under inert conditions (N 2 ).
Electro-Fenton process All experiments were conducted at the ambient temperature (25 o C) in an open, undivided cell (250 mL beaker) whose cathode (prepared electrodes) and anode (graphite) were hung up to the edges of the beaker including a DC power supply (Figure 1) . The initial concentration of the MXT drug (C 0 ) was 5 mg/L and ambient air was injected to the beaker while the reaction medium was continuously stirred. The process of CC and GO/CC electrodes were Characteristic properties such as summits density, surface morphology and removal efficiency in both heterogeneous and homogeneous processes were determined by AFM (Nanosurf mobile S, Switzerland) and FE-SEM (Tescan Mira3 field emission device, Czech). The concentration of the mentioned drug in the sample after the treatment process was determined by using UV-Vis spectrophotometer (UV 1700 Shimadzu UV-Vis spectrophotometer, Japan). The solution pH was measured with a Metrohm 654 pH-meter, Switzerland. Current intensity-potential curves were plotted by cyclic voltammetry using a conventional three-electrode cell in conjunction with a computer controlled multichannel potentiostat (PG-Stat 30, the Netherland) with a scan rate equal to 10 mVs −1 .
Synthesis of graphene oxide 0.3 g of graphite and 0.01 mg of sodium nitrate were added to 50 mL of sulfuric acid at room temperature (25°C) and agitated for 10 minutes. The solution was placed in an ice-water bath at 4°C. KMnO4 (6 g) was slowly added to the solution and agitated for 30 minutes. The mixture was placed in an oil bath at 35°C and agitated for 3 hours until the color of the solution turned into brown. Once again, the homogenous and Fe catalyst was dispersed in the reaction medium by dissolving FeSO 4 . The process of Fe 3 O 4 @GO/ CC electrode was heterogeneous and thereby no amount of FeSO 4 catalyst was dissolved in the reaction medium. Figure 2 presents the FE-SEM images of CC, GO/CC and Fe 3 O 4 @GO/CC electrodes surface. It was observed that coatings on the CC increased the contact surface while the Fe 3 O 4 @GO/CC electrode showed the most contact surface among the two other electrodes. These results are consistent with the AFM results. The AFM results (Figure 3) For a given electrical potential, the Fe 3 O 4 @GO/CC electrode released more current intensity than the GO/ CC electrode which released higher current intensity compared with the CC electrode ( Figure 4) . It is clear that the increased current intensity provided more H 2 O 2 which led to the elimination of more pollutants.
Results

Discussion
MXT degradation rate constant
The rate of reaction could be written as second order (Eq. 6) or as a pseudo-first order (Eq. 7) (16) due to the steadystate concentration of hydroxyl. 
The obtained data for MXT concentration were well fitted in Eq. 7 and so MXT degradation can be compared under different operating parameters using the slope of curves in Figures 5-7 as pseudo-first order rate constants.
Effect of pH on MXT degradation profile
The pH value of the drug solution was one of the most important parameters for the electro-Fenton process. In this study, the effect of reaction medium pH was investigated for each electrode and the drug concentration profile were monitored for pH = 3, 7 and 10. The results are depicted in Figure 5 . It can be concluded that the removal rate became worse for pH >3. As shown in Figure 5b , d and f, the kinetic constants of the CC electrode (0.0555), GO/CC electrode (0.0683) and Fe 3 O 4 @GO/CC electrode (0.154) are higher at pH 3 than other pHs. This distinguish that the removal rate at pH 3 is more than pH 7 and 10. This can be related to the low production of oxidizing OH • at these pHs while the optimum pH for the generation of and fuchsin acid in a continuous reactor. They found that the optimum pH was 2.0 while the high pH (>3.0) decreased the decoloration degree significantly, due to the lower dissolved fraction of iron species. In fact, at high pH values Fe(III) precipitates at high pH which reduces the dissolved Fe(III) concentration. Therefore, the concentration of Fe(II) species also decreases because Fe(III) hydroxides are much less reactive than dissolved Fe(III) species towards H 2 O 2 . Some studies reported that the lower pH (<3) reduced the rate of the Fenton process owing to the reaction between Fe(III) and H 2 O 2 which inhibited the regeneration of Fe(II) (33, 34) . However, this phenomenon did not happen through the electro-Fenton process because Fe(II) is continuously regenerated from the reduction of Fe(III) on the cathode surface (35) .
Effect of electrical current intensity on MXT degradation H 2 O 2 is generated in situ by O 2 reduction (Eq. 1) on the cathode in an electro-Fenton system and it is dependent on the applied current. In order to investigate the effect of electrical current intensity on the MXT degradation profile, different current intensities of 100, 200, 350 and 450 mA were utilized and the results are presented in Figure 6 . It is clear that the increased current intensity enhanced the rate of MXT degradation. As it is clear in Figure 6b , d and f, when the applied current was increased from 100 to 450 mA, the rate constant of the pseudo-first order was increased from 0.0555 to 0.0845, 0.0683 to 0.1108 and 0.084 to 0.1282 on the CC electrode, GO/CC electrode and Fe 3 O 4 @GO/CC electrode state, respectively. This phenomenon can be related to the e -role in Eqs.
(1-4) that the higher current intensity resulted in the higher generation rate of H 2 O 2 and Fe 2+ and finally, the higher generation rate of OH
• which resulted to the higher degradation rate (36) . Since a higher voltage should be supplied to the system to reach a higher current intensity, the 100 mA was used in the following experiments as regards economical points. On the other hand, the kinetic constants at each current intensity increases in the following order: Fe 3 O 4 @GO/CC > GO/CC > CC. Annabi et al (37) studied the degradation of enoxacin antibiotic (ENO) by the electro-Fenton reaction using carbon-felt cathode and a platinum anode. The results showed that increasing the current intensity enhanced the ENO degradation yields. Hou et al (38) reported the heterogeneous electro-Fenton oxidation of catechol using nano-Fe 3 O 4 . They found that the high current density (10 mA/cm 2 ) favored the high degradation efficiency (100%) within 120 minutes. Özcan et al (39) investigated the mineralization of norfloxacin (NFXN) from water through the electro-Fenton reaction. The results showed that increasing the current intensity up to 300 mA promoted the mineralization rate of NFXN while higher values (>300 mA) decreased the reaction rate.
Effect of Fe catalyst concentration in homogenous electroFenton process Different amounts of Fe catalyst (0.05, 0.1, 0.2 and 0.5 mM) provided different rate constants and different MXT degradation profiles (Figure 7 ). It could be seen that as Fe concentration increased after 0.2 mM, the degradation rate decreased due to the enhanced side reaction as follows:
As the Fe 2+ concentration increased by the introduction of more Fe catalyst in the reaction medium, the side reaction rate increased and thus more hydroxyl was consumed. Consequently, the MXT degradation decreased because it was highly dependent on the hydroxyl concentration in the reaction medium (40, 41) . The process of the Fe 3 O 4 @ GO/CC electrode was heterogeneous and thus, no amount of FeSO 4 catalyst was dissolved in the reaction medium. Annabi et al (37) studied the effect of Fe(II) concentration on the degradation of ENO molecule in the presence of 50 mg/L ENO and an applied constant current intensity of 200 mA. An increase in the Fe(II) concentration up to 0.2 mmol/L increased the ENO degradation yields but it decreased above 0.2 mmol/L. This phenomenon can be attributed to the higher production of hydroxyl radicals by the high amount of Fe(II) based on the Fenton reaction (42) . On the other hand, the negative effect of the higher Fe(II) concentration assigned to a competitive reaction between the formed hydroxyl radicals and the excess of ferrous ions (42) . Özan et al (39) reported the similar effect of Fe(II) concentration in the mineralization of NFXN from water through the electro-Fenton reaction.
Mineralization of MXT The oxidizing power of the electro-Fenton method with different electrodes to mineralize the MXT solution was evaluated from the total organic carbon (TOC) decay. TOC decay measurements at pH = 3, electrical current of 100 mA after 6 hours of electrolysis with the CC electrode, GO/CC electrode and 0.2 mM with Fe catalyst including Fe 3 O 4 @GO/CC electrode showed TOC removal as 82.8%, 86.1% and 96.9%, respectively.
Conclusion
In this work, degradation of MXT drug in aqueous solution was performed by the electro-Fenton process using three different electrodes under various operational conditions. The electrochemical properties of electrodes were investigated and it can be concluded that the Fe 3 O 4 @ GO/CC electrode released more current than the other two electrodes. The AFM results depicted more summits for the Fe 3 O 4 @GO/CC electrode which provided more active sites for producing H 2 O 2 and eventually, the higher MXT degradation rate. The kinetics of MXT degradation was obtained and well fitted to the pseudo-first order kinetics. It was concluded that the high pH of the reaction medium resulted in the low degradation rate. The higher current intensity provided the higher degradation rate. In a homogenous reaction, the results showed that after a certain amount of introduced Fe catalyst, the degradation rate decreased owing to the more wasted hydroxyl. In general, the heterogeneous electro-Fenton process included the advantage of reusable catalyst and electrode due to the lower catalyst lost compared with the homogenous process which would be a more suitable option in future works.
